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A COMPARATIVE VALUE 0? A HIGH CALCIUM LIME AND /A MAGNESIUM
The mineral dolomite has the composition, Ca___ ___
The amount of these two constituents varies in different locali 
ties. In some deposits the calcium carbonate is in excess, 
while in others the magnesium carbonate is in excess. These 
deposits are much larger and more numerous than calcitic depos­
its. The lime made from dolomitic deposits has a smooth plas­
ticity, such as is desired by many masons.
It has been suggested that this lime be used in softening 
water. It has also been stated that it is impracticable to use 
dolomitic lime. To try to settle this question the following 
investigation was made.
Lime, either by itself or in combination with other chemi­
cals, is used in softening water. P. A. Mairgnen* used a mixture
* Jour. Soc. Chem. Ind. 5-225, 1886_______________________________
of quick lime NaaCOa and alum; Wm. MacNab*and G. H. Beckett, 
lime and NaOH; while H. Noll** and W. M. Booth*** used lime and
*Jour. Soc. Chem. Ind. 5--267, 1886
**Zeit Angew. Chem. 25. 1462, 1910___________________
***Jour. Ind and Eng. Chem. 2. SOU. 1 9 1 0 ______
CALCIUM LIME FOR WATER SOFTENING
INTRODUCTION
I.
HISTORICAL
HaaCOa. In all these processes and many others which were exam­
ined, very little is said about the magnesia in the lime. The 
magnesium of the water is mentioned frequently.
Macnab* says that a temperature of 80° is required to com-
*Jour. Soc. Chem. Ind. 5..225, 1886._______________________________
plete the reactions. He does not give his reasons why or any data 
1. Achbutt*, however, states that it is desirable to have magnesium
*Proc. Inst, of Mech. Eng. 404, 1898.______________________________
present, because it makes the precipitate heavier, resulting in 
quick settling and a compact sludge. He does not state whether 
the magnesium ought to cone from the water or the lime. Baron 
Hicolas Derschau> of Russia records the use of sawdust filters
*Jour. 3oc. Chem. Ind. I--176.____________________________________
impregnated with magnesia for the removal of calcium salts. He 
states that practically all the calcium salts are removed during 
filtration. 7/. F. Monfort* of St. Louis in his paper on the Ef-
Eng. Hews. 68--889, 1912. ____________________ ______________
ficiency of Lime states that only the available CaO should be con­
sidered in lime purchasing.
EXPERIMENTAL.
The water used in these experiments was collected directly 
from one of the university wells. The pump has been running con­
tinually for over six months. The analysis of the water was re­
peated several times during the course of experimentation. In 
all cases the results did not vary beyond the experimental error.
The sanitary analysis shows that the water is unquestionably good 
for drinking purposes. It is as follows:
3__________ ________________ Sanitary Analysis
AMOUNTS ABE STATED III PARTS PER MILLION.
Turbidity 5 Color 20 Odor 0
Residue on evaporation 331.5 Bacteria
Chlorine in chlorides 0 No. per ccm 1. Agar
Oxygen consumed 3.7 0. Gel.
free ammonia cq <1
0.576 Gas formers 
10 ccm 2-albuminoid ammonia .0801
o nitrites ' 0 1.0 ccm 2-
m  nitrates 0 0.1 ccm 2-
Alkalinity 332 Indol -
The water is typical of deep drift wells of central Illinoi
The content of iron is rather high. There is an excess of
amounting to 22 parts per million. It requires 490 parts per 
million CaO ks CaC03) to soften it.
' The mineral analysis is as follows:
Mineral Analysis.
Parts Pariis
Ions per Hypothetical Combinations. per
million million
Potassium 3.0 Potassium Sulphate 6.7
Sodium 38.4 Sodium Sulphate 2.2
Magnesium 26.0 Sodium Carbonate 86.8
Calcium 51.6 Magnesium Carbonate 90.0
Chlorine Trace Calcium Carbonate 128.8
Sulphate 5.2 Perr'ous •• 0.7
Iron. 0.32 Aluminum Oxide 5.1
Silica 12.0
Total 332.3
4.
The limes used were obtained from the Ohio and Western lime 
Company's plants at Bedford and Huntington, Indiana. The Bed­
ford lime, the oxide, contained a high content of calcium. Two 
samples of the Huntington lime were dolomitic. One was the 
oxide, while the other was hydrated. The analysis shows that 
the Huntington limes had the same relative composition, the one 
an oxide, the other the hydrate.
An analysis of the Bedford high calcium lime gave the fol­
lowing results:
Calcium oxide = 95.60 
Magnesium " = 0.84
Ferric " = 0.02
Aluminium " = 0.85
Silica = 0.29
Carbon dioxide= 0.18 
Water = 2.24
Total 100.02
hydrated
An analysis of the Huntington magnesium calciumAlime gave
the following results:
Calcium oxide 
Magnesium oxide 
Ferric " 
Aluminum " 
Silica
Carbon dioxide
Water
Total
=  47.42
= 33.20
=  0.15
=  0.55
=  0.03
=  3.44
= 15.20
99.99
5Emulsions were made from the three limes, of suoh 
strength that 1 oc. contained 5.0 milligrams available CaO^as 
CaCO^. The available CaO was determined by subtracting from the 
total CaO content, the amount of CaO necessary to combine with 
the C0S in the lime. Each emulsion was added in varying propor­
tions to a series of samples of water of 1 liter each. The amount 
increased from 0 to 180 cc. by steps of 10 cc. each, making a 
series of 18 different degrees of softening. The water was thor­
oughly shaken and let stand over night. After decanting through 
a filter, the following analyses of the filtrate were made: 
Phenolphthalein and Methyl Orange Alkalinity, Calcium and Magne­
sium. The alkalinities were determined by titrating 50 cc. of 
filtrate with 11/50 H 2S04 The calcium was precipitated as CaCg04 
and then reduced to CaO in the blast. The magnesium was pre­
cipitated as HgHH^PO* in a solution of HH3 and ignited to 
MggPgO?. The results for the high calcium lime are shown in 
Table I and for the magnesium calcium lime in Table II. The 
third (magnesium calcium lime) is not shown. The results proved 
to be the same as for the magnesium calcium lime shown in Table 
II. Results are expressed in terms of CaC03 for the purpose of 
simplifying calculations. There are given results corrected 
for volume increase, due to water added as lime water according 
to the equation—
True content value = found valuex 1000 Ho. cc. added 
' 1000
The amounts of calcium and magnesium were combined and are shown 
with the cost of softening in Tables III and IV. The co3t was 
calculated in two ways. First at $6.00 a ton per total weight. 
Second at $6.00 a ton per available CaO.
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In order to better compare the results, they were plotted 
on Plates I and II. Plate I shows the calcium, magnesium, and 
the alkalinities of both limes, The ordinates show the parts 
per million of GaO added. The abscissas show the results of an­
alyses given in the tables. Plate II shows the costs of the 
limes as calculated, compared with the sum of calcium and mag­
nesium as found in the water and given in Tables III and IY.
RESULTS.
On investigating the curves on Plate I, we note the differ­
ence in the curves of the two limes representing Methyl Orange 
alkalinity. The alkalinity of the water treated with high cal­
cium lime increases slightly, while that of the water treated with 
the magnesium calcium lime decreases. The increase of the former 
is due to the action of the free carbon dioxide in the water, 
there being present 22 parts per million.
Ca(OH)2 + 2H2G03 = Ca(HC03)2 + 2H20.
The decrease in the latter case is due to the precipitation of 
CaC03 by the action of magnesium hydroxide on Ca(IIC03)2 and free 
C02.
Ga(HC03)2 + Mg(OH)2 + HC03 = 0aC03 + Mg(C03)2 + 2Hg0. 
Since the magnesium hydroxide reacts with the free carbon dioxide, 
the calcium hydroxide is free to react with Ca(HC03)2, reducing 
the alkalinity. This is verified by the large decrease in the 
calcium and an increase in the magnesium as shown by the curves.
After the carbon dioxide is used up the decrease of calcium 
and increase of magnesium continues in the treatment of water 
with magnesium calcium lime. There is also an increase in the 
Phenolphthalein and Methyl Orange alkalinities. This increase
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results from the reaction--
Mg(HC03) 2 * 1% ( 0H }2 = 2I%G03 + 2H20.
This reaction accounts for the most important difference in the 
action of the two limes. After the magnesium reaches a maximum 
of about 216 p.p.m. (as CaC03), there is a gradual decrease in 
the Methyl Orange alkalinity, an increase in the phenolphthalein 
alkalinity, a decrease in the magnesium/but the calcium, having 
reached the minimum, remains constant. These variations continue 
until the point of complete softening is reached, when 520 p.p.m. 
GaO (as 0aC03) have been added. At this point the Methyl Orange 
alkalinity of both limes reaches a minimum, while the Phenolph­
thalein alkalinity is on the increase. From the point of max­
imum softening all the constituents except the magnesium increase. 
The magnesium does not increase, none being added v/ith the cal- 
cite lime and that with the magnesium-calcium lime is immediately 
precipitated.
Plate II shows the calcium and magnesium content in treated 
water compared with the cost. The difference in curves corres­
ponding to caleite lime at $6.00 per ton and dolomite lime at 
$6.00 per ton, shows plainly that the calcite lime is the only 
lime to buy on a weight basis. For complete softening the cost 
of softening a million gallons with the calcite lime would be 
$7.70 and with the dolomite lime $15.50. Curves corresponding 
to the cost per available GaO in the two limes are practically 
the same for complete softening. The difference lay in the 
occlusion of the calcium oxide by the excess of precipitate or 
sludge in the magnesium calcium treatment. The content of avail­
able GaO should be made the standard for the purchase of lime
8
for water softening.
SUMMARY.
The real difference between the action of magnesium-calcium 
and calcium limes is that the magnesium of the former goes into 
solution and precipitates the calcium in incomplete softening. 
However, with the addition of more lime this magnesium is precip­
itated. The cost of complete softening is controlled by the 
amount of available CaO in the lime. Even with an equal cost for 
the CaO content the dolomitic lime is undesirable because the 
amount of sludge will exceed that of calcitic lime by more than 
100 per cent.
If it is desirable to reduce the content of calcium only, 
lime •
then the dolomitidis the better to use. but since in the use of
A
water for boiler purposes magnesium is equally objectionable as 
calcium, it is more desirable to use the calcitic lime.
The complete softening of water is dependent on the content 
of available CaO, and therefore all lime used for complete water 
softening should be bought on the basis of the quantity of avail­
able CaO.
TABLE I. RESULTS OP EXPERIMENT tfITII HIGH CALCIUM LIME.
Lime added Phenolpthalein Methyl orange Calcium Content Magnesium Content.alkalinity alkalinity as
CaC03, P.P.M. P. P. M. P. P. M.
Ho. P.P.M. P.P.M. as Ca003Ho. of CaO of of filtrate of of fil- CaO corrected for
in correctedce as fil- corrected fil- trate cor- in volume as for vol.CaC03 trate for vol. trate rected for fil­ CaC03 filtrate as
i
volume trate CaC03
0 0 0 0 0 332 332 72.2 128.8 118.9 108.3
1 10 50 14.0 14.1 312 315.1 71.6 129.1 133.8 123.3
2 20 100 14.0 14.3 292 297.8 56.4 102.7 133.6 124.53 30 150 30.0 30.9 256 263.9 38.4 70.5 127.4 119.54 40 200 40.0 41.6 230 239.2 23.6 43.7 1 2 2 .8 116.55 50 250 48.0 50.4 190 199.5 16.0 29.7 115.2 1 1 0 .0
6 60 300 60.0 63.5 186 197.2 9.6 18.1 103.2 98.27 70 350 62.0 66.4 186 199.0 13.2 25.2 99.4 96.8
8 80 400 6 6 .0 71.1 178 192.2 1 1 . 2 2 1 .6 87.4 86.39 90 450 6 6 .0 72.0 150 163.5 1 1 .0 21.4 54.4 54.0
10 100 500 64.0 70.0 134 147.4 11.4 22.3 38.4 38.5
1 1 110 550 6 6 .0 73.3 116 128.8 1 2 .8 2 2 .2 25.2 25.1
120 600 94.0 105.7 126 141.1 2 1 .8 43.6 1 1 .0 11.3L3 130 650 12 2 .0 138.1 140 158.2 36.8 74.3 12.4 . 1 2 .8140 700 160.0 182.8 180 205.2 69.0 140.5 1 1 .0 11.515 150 750 --— - — 87.2 178.9 10-4
1
1 1 .0
*
to |
TABLE II. RESULTS OP EXPERIMENT WITH JJAGHESIUM CALCIUM LIME.
Lime added Phenolpthalein 
alkalinity as 
CaC03. P.P.M.
Methyl orange 
alkalinity as 
CaC03. P.P.M.
Calcium Content 
P. P. M.
Magnesium Content 
P. P. M.
of CaO
Ho. P.P.M P.P.M. of of fil- fil- of fil- in corrected %  2?207 correctedof CaO MgO fil- trate cor- trate trate cor- filtrate for vol. in forHo. cc as as trate reoted for rected for as CaC03 filtrate volume asCaC03 C&CO3 vol. volume CaC03
1- - - -
0 0 0 0 0 0 332 332 72.2 128.8 118.9 108.3
1 10 50 35 8 8 .1 298 301.0 36.4 65.7 175.2 160.3
2 20 100 70 48 49.0 284 289.7 18.6 34.0 200.2 186.03 30 150 106 70 72.1 284 292.5 230.0 216.04 40 200 140 82 85.3 292 303.7 13.2 24.4 2 2 1 .8 .210.3
i 5 50 250 175 104 109.2 264 277.2 1 1 . 2 2 1 . 1 204.6 195.8i 6 60 300 210 1 1 2 118.7 250 265.0 1 1 . 2 21.3 189.8 184.37 70 350 245 106 113.4 210 224.7 9.2 17.5 148.4 144.8! 8 80 400 280 92 99.4 186 200.9 1 1 .0 21.3 119.6 117.89 90 450 315 74 80.7 152 165.7 1 1 .0 21.4 79.6 79.0
10 100 500 350 74 81.4 140 154.0 1 2 .8 25.1 60.8 61.0
1 1 110 550 385 72 79.9 108 119.9 1 0 .6 2 1 . 1 32.0 32.3
12 120 600 420 68 76.2 102 114.2 13.4 26.8 28.4 29.013 130 650 455 86 97.2 114 128.8 2 1 .0 42.5 1 1 . 2 11.514 140 700 490 116 132.2 140 159.6 35.0 70.9 9.8 10.315 150 750 525 168 193.2 188 216.2 61.8 126.8 9.8 10.3
HO
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TABLE III. COST OF SOFOTIIJG USIHG HIGH CALCIUM LIME.
Ho
Milligrams 
lime added 
per liter
Calcium
in
treated 
water as 
CaCOa 
P. P. M.
Magnesium
in
treated 
water as 
CaCOa 
P. P. M.
Calcium
plus
Magnesium
as
(CaCOa )
P. P. M.
Cost of 
softening 
per mil- 
gal. at 
$6.00 a 
ton.
Cost of
softening 
per million 
gallons at 
$6.00 avail­
able CaO.
O 0 128.8 108.3 237.1 $ 0 $ 0
1 29.3 129.1 123.3 252.4 .733 .70
2 58.6 102.7 124.5 227.2 1.466 1.40
3 87.9 70.5 119.5 190.0 2.198 2.10
4 117.2 43.7 116.5 160.2 2.931 2.80
5 146.5 29.7 110.0 139.7 3.664 3.50
6 175.8 18.1 98.2 116.3 4.397 4.20
7 205.1 25.2 96.8 122.0 5.129 4.90
8 234.4 21.6 86.3 107.9 5.862 5.60
9 263.7 21.4 54.0 75.4 6.595 6.30
10 293.0 22.3 38.5 60.8 7.328 7.00
11 322.3 22.2 25.1 47.3 8.061 7.70
12 351.6 43.6 11.3 54.9 8.794 8.40
13 380.9 74.3 12.8 87.1 9.526 9.10
14 410.2 140.5 11.5 152.0 10.259 9.80
15 439.5 178.9 11.0 189.9 10.992 10.50
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TABLE IV. GOST OF SOFTEIilHG- US IMG HAGIESIUM CALCIUM LIME.
Mo.
Lime
added in 
milligrams
Calcium
in
treated 
water 
as CaCOa 
P. P. M.
Magnes'm
intreated
water
asCaC03
P.P.M.
Calcium
plus
Magnes'm
as(CaCOa ) 
P. P. M.
Cost of 
treating 
per mil. 
gals, at #6.00 a 
ton.
Cost of 
treating per 
mil. gals, 
at #6.00 a 
ton availa­
ble CaO.
0 0 128.8 108.3 237.1 $ 0 # 0
1 62.1 65.7 160.3 226.0 1.554 .70
2 124.3 34.0 186.0 220.0 3.108 1.40
3 186.4 ---- - 216.0 — 4.662 2.10
4 248.6 24.4 210.3 254.7 6.216 2.80
5 310.7 21.1 195.8 216.9 7.770 3.50
6 372.8 21.3 184.3 205.3 9.324 4.20
7 435.0 17.5 144.8 162.3 10.878 4.90
8 497.1 21.3 117.8 139.1 12.432 5.60
9 559.3 21.4 79.0 100.4 13.986 6.30
10 621.4 25.1 61.0 86.1 15.540 7.00
11 683.5 21.1 32.3 53.4 17.094 7.70
12 745.7 26.8 29.0 55.8 18.648 8.40
13 807.8 42.5 11.5 54.0 20.202 9.10
14 870.0 70.9 10.3 81.2 21.756 9.80
15 932.1 126.8 10.3 137.1 23.310 10.50
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Part II.
THE ORDER OP REACT I OHS' DURING THE SOFTENING 
OP WATER WITH LIME.
INTRODUCTION.
There are many water consumers in the United States, who 
soften large quantities of water. Some soften for "boiler pur­
poses, some for drinking; and still others for laundries and such 
allied uses. In most of these processes, lime is the principal 
chemical used. Some use lime alone while others use it in con­
junction with ferrous sulfate, sodium carbonate, or alum.
During the experimental work described in Part I, a question
the react-ions 'ana
was raised concerning the order of^the effect of N8HGO3 on water 
softening with lime and the reactions occurring during the soften­
ing. The work described in Part II was undertaken in an attempt 
to explain these reactions.
EXPERIMENTAL.
The water and limes used were the same as in Part I. Use is 
made of the results obtained by the series of softening experi­
ments described in Part I, and three additional series of soften­
ing experiments made for the purpose of testing the effect of 
NaIIC03. One series each v/as made with the high calcium and the 
magnesium calcium limes in softening a water to which ten cubic 
centimeters per liter of a ifo solution of NaHCOo v/as added imme­
diately before softening. The results are given in Tables V and 
YI. The calcium and magnesium contents v/ere combined and are
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shown in Table VII. The third series consisted in softening 
with the calcium lime a water to which was added 80 parts per 
million of HClCas CaC03). This acid was for the purpose of 
neutralizing the ITaHG03 in the water. Thus we have experimented 
with three waters with a constant mineral content, but contain­
ing three different amounts of HaEG03. For convenience in study­
ing the results, they were plotted on Plates III, IV, and V.
Plate III is made from Tables I, V and VIII, and shows a compar­
ison of the action of the calcite lime on the natural water, the 
water to which 80 p.p.m. of HC1 (as CaC03) and 160 p.p.m. CaO 
(as CaC03) to neutralize the GOg set free by the HOI, had been 
added and the water to which 10 cc. of a 1 solution UaHC03 had 
been added; Plate IV from Tables II and VI, and shows the ef­
fect of HaHC03 on dolomitic lime during water softening; Plate 
V from Tables III, IV, VII, and IX, and shows the effect of 
UaHC03 on the amount of calcium and magnesium in a water during 
softening with a calcite and a dolomitic lime.
RESULTS.
In water softening with lime there is, First, owing to 
the presence of carbon dioxide, an increase in methyl orange 
alkalinity and calcium. The magnesium and phenolphthalein alka­
linity remain constant. Owing to the COg set free by the addi­
tion of the HC1, allowance is made for the amount of lime nec­
essary to remove it. This is indicated below the base line of 
Plate III.
(1) Ca(OH)2 ^ 2C0g + HgO = Ca(HC03)g + H20.
When the C02 has been removed we reach the second stage.
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The methyl orange alkalinity and the calcium decrease gradually. 
The magnesium remains constant. The phenolphthalein alkalinity 
increases slightly, then due to the solubility of CaC03 which 
amounts to 12 p.p.m., remains constant. These conditions fit 
the equation,
(2) Ca(OH)2 + Ga(HC03)2 = 2CaC03 +2H20.
So far the explanation of the results has been simple. But 
after the reaction indicated by equation (2 ) has been completed, 
the explanations are more difficult. The calcium remains con­
stant, having reached a minimum; the phenolphthalein alkalinity 
increases gradually, then remains constant for a period; the 
methyl orange alkalinity has only one deviation from a gradual 
decrease at a point just before the decrease of the magnesium 
begins. There are a number of reactions possible during this 
period. They are as follows: .
(5) 21IaHC03 + Cat OH) 2 = CaC03 + iIa2C03 + 2H20.
(4) Mg(HC03)2 + Gat OH) 2 = CaC03 -»■ MgC03 + 2H20.
(5) Ug(HC03) 2* 2Ca(0H )2 = 2CaC03 + Hg(0H )2 + 2H20. 
Equation (3) is given by Bartow and lindgren* for the explanation
*Illinois Water Survey Bulletin, 6, 33.
Jour. Amer. Ghem. Soc. _29, 1293.T1907).
Proc. Amer. Water Works Assn. 27, 505. (1907).
of the increase in phenolphthalein alkalinity when the other 
curves remain constant. It will be noticed, however, that equa­
tion (4) corresponds also to these conditions. On investigating 
the solubility products of MgC03 and Ha2C03, the substances 
formed above, we find the following:
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The solubility* of I%003 at 25e = 223 milligrams per liter,
*Gameron and Seidell, Solu. of Inorg. and Org. Suost.
while that of Ua2C03* amounts to 280,000 milligrams per liter.
* M. Eenry Lawel (Amer. Chem. Phys) (3) 3^,382,
Consider these two salts to he 80^ ionized, which gives the same 
basis for comparison.
Then 0»225 X 0.80 =* 2.11 xl0“3 moles EgC03 as ionized.
84.36
c ++xGpn —  « hi = (2.11 XlO“s) X (2.11 10"3) = 4.45 x 10~6, 
Mg ^^3
the solubility product of MgC03.
For Ea2C03 280.000X Q»60 = 2.11 moles Ua2C03 ionized.
106.0 '
(V ) 2X GG03“' ~ = (2.11)2x (2.11) =9.4X10°, the
solubility product of Ha2C03.
There is an equilibrium between the MgC03 and the Ua2C03 
formed by reactions (3) and (4). These two reactions can be 
combined into a single equation thus:
Mg
2EC0-> ♦ (Ga++ + 20H” ) * GaG03 +
lJa<
C03 + 2E20.
That is, the main effect is the changing of the acid carbonate 
radicle to the carbonate. But 3ince K^ is ---- i-— — _  as large2 ,000,000
as K2, the point of equilibrium is changed to a greater extent
towards the MgC03. Hence it is justifiable to say that equa­
ls) ' ...tion/Nrepresents the reaction.
Bartow and Eindgren* state that xIaEC03 reacos with calcium
♦Illinois Water Survey Bulletin 6_, 33.
Jour. Amer. Ghem. Soc. j29, 1293. (1907).
Proc. Amer. Water Works Assn. 27, 505. (1907).
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oxide completely to form Ua2C03 before any of the magnesium 
is precipitated. An examination of the curves on Plate III shows 
that to the point of complete softening of the original water, 
all the curves representing the constituents in the water contain­
ing HaHC03 follow practically the same directions as those with­
out M C 0 3. At this point the curves of the water without EaKC03 
show a rapid increase as more lime is added, while those with 
SaHC03 except the phenolphthalein alkalinity, show no increase at 
this point, due to the ]?aEC03 in solution, which reacts with the 
lime precipitating CaC03. This is due to the following reactions:
(6 ) 21IaHC03 + Ca(0H)2 = CaC03 + Ia2C03 + 2H20
(7) la2C03 + Ca(0h}2 = GaC03 + 2HaOH.
After the completion of the reaction, the curves, except magnes­
ium, show a rapid increase of the respective constituents upon 
further addition of lime.
The dolomitic lime, shown on Plate IY, causes a large excess 
in the phenolphthalein alkalinity in the water containing HaHC03. 
There is a larger increase in the magnesium content of the same 
water. The excess of the phenolphthalein alkalinity and magnes­
ium are explained by the reaction,
(4a) 21TaHC03 + Hg(0H)2 « Ia2G03 + Mg CO 3 + 2H20.
The curves for the other constituents follow the same direc­
tion as those of the calcite lime shown on Plate III. The con­
tent of magnesium in the water containing lIaHC03 reaches a min­
imum with the same amount of lime as does the water without 
EaHG03 added to it. A comparison of the sum of the calcium and 
magnesium in the water with the amount of lime added (see Plate Y) 
shows that the addition of UaHC03 has very little effect on the 
order of reactions. The slight difference in the case of the
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calcium lime at first is due to a small amount of ITagCOs which 
was in the IaHC03 added. It reacts with the free carbon dioxide 
forming UaHC03, hence preventing the increase in the C a + %  at 
the beginning. The greater degree of softening reached in the 
water containing HaHC03 is due to the UaOH which is ultimately 
formed, for this effect comes after the point of maximum soften­
ing of the water without UaHO03.
On further studying Plate III, the following results are
o.f
apparent. The calcium content /the original water begins to 
increase when 550 p.p.m. GaO (as CaC03 ) have been added. The 
calcium content of the water containing UaHC03 does not increase 
until 700 p.p.m. have been added, while the calcium content of the 
water containing acid increases when 470 p.p.m. have been added 
in addition to the amount required to neutralize the C02 set free 
by the acid. The three curves representing the magnesium follow 
practically the same path, except after the point of minimum 
magnesium content has been reached, where the difference is due 
to the common ion effect and not to the reaction. There is, 
however, a difference in the rate of removal of the magnesium be­
fore this point is reached. The magnesium in the water contain­
ing HC1 is removed with less lime than is the magnesium in the 
waters containing HaHCQ3. This is shown by an earlier change in 
direction of the curve. The difference is due to the difference 
in the number of hydroxyl ions produced from the lime in the for­
mer, and the sodium'carbonate in the latter, the lime and the 
sodium carbonate being present in equal molecular quantities.
The points where the phenolphthalein alkalinity is just half the 
methyl orange alkalinity are after 520 for the raw water after
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600 for the water containing HaHCOs, and after 450 p.p.m. GaO 
(as CaC03) have been added for the water containing HC1.
The most efficient softening due to the reaction of lime is 
at the point where 600 p.p.m. of CaO (as CaC03) have been added.
It is the point where the magnesium reaches a minimum. If a larger 
quantity of EaHC03 was added, the magnesium would not be affected, 
while the calcium would remain at a minimum for a longer period 
before increasing, but giving the most efficient softening at the 
same point. The difference in lime added between this point (600 
p.p.m.) and the point where the phenolphthalein alkalinity equals 
half the methyl orange alkalinity (520 p.p.m.) is 80 p.p.m. The 
difference between similar points of the raw water and the water 
containing EC1 (the water without any EaHC03) is 80 p.p.m. The 
siim of these (160 p.p.m. of CaO (as CaC03) then must be added to 
a water before the most economical efficiency of softening is ob­
tained, provided there is IIaHC03 present. This 160 p.p.m. will 
react with UaIiC03 and form Ea2C03 (160 p.p.m.) if there is an ex­
cess of HaEC03. If there is not an excess, but more than 80 p.p.m. 
!TaHC03 (as Ca003), then the lime will not only form Ua2C03 but 
will react further and form UaOH. But if there is less than 80 
pip.m. (as CaC03) then the most efficient quantity of lime usable 
is twice the UaEC03 in excess of that required for the precipita­
tion of magnesium and calcium, translating this into terms of 
alkalinity and magnesium, the equation of softening for waters 
containing 80 p.p.m. or more of ITaHCOs (as CaC03) becomes:
(1) (Free C02 + M.O. alk. + %  + 160) - HaHC03 * GaO (all in 
terms of CaC03).
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For those waters containing less than 80 p.p.m. EaHC03 
the equation "becomes:
(2 ) (Free C02 + M.O. alk. + Mg + UaIiC03) = CaO.
According to the reactions indicated by equation (l),(see 
also Plate III), the calcium content cannot increase until 600 
p.p.m. of OaO (as CaC03) have been added. According to the re­
actions indicated by equation (2 ), the calcium content may in­
crease below this point, and in water softening enough lime is 
added to soften the water only to the point of calcium increase.* 
statement
*This/is based on from 12 to 24 hours' settling. Where there is 
less time for settling it is not advisable to soften to this 
extent on account of the slowness of the reactions.
C01ICLUSI01-IS.
Summarizing the results as given above shows that the reac­
tions occur in the following order:
(1 ) 2E2C03 + Cat OH)2 = Ca(EC03)2 + 2E20 .
(2) Ca(iic03)2 + Ca(0H )2 * 2CaC03 + 2E20.
(3 ) Mg (ECO3)2 + C a (0E )2 = CaC03 + MgC03 + 2E20.
(4) 21TaEC03 «• Ca(0E )2 = CaC03 + iIa2C03 * 2E20.
(5) MgC03 + Ca(OE)2 = CaC03 + Mg(0E)2.
(6 ) 2EaEC03 + Ca(0E)2 =  '0a0o3 + Ua2C03 + 2E20.
(7) lIa2C03 + Cat OB) 2 * CaC03 + 2IaOE.
(8 ) Ca(0E)2 remains in solution.
When using pure calcium lime, reactions (1), (2 ), and (3) go to 
completion in the order named. Reaction (4) does not go to com­
pletion, but goes only far enough to start reaction (5). The 
extent of the reaction varies with each water. Reaction (5) then
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goes rapidly to completion, and reaction (4) also continues at 
a very much slower speed. There is an equilibrium between reac­
tions (4) and (5), due to the formation of iTa2G03 to a concen­
tration which hydrolizes enough to precipitate the magnesium as 
the hydroxide. As the magnesium content decreases the la2C03 
content necessarily increases and precipitates more magnesium, un 
til all the magnesium is precipitated. This is clearly illus­
trated in the magnesium curve (broken line) on Plate IY, illus­
trating the action of a dolomitic lime. As the lime containing 
MgO is added the Mg content of the waters increases. After 200 
p.p.m. GaO (as CaC03) have been added the Mg content of the water 
containing HaHC03 exceeds the other by 40 p.p.m. Mg (as 0aC03). 
Then the content decreases gradually until the same minimum is 
reached. After reaction (5) is completed, reaction (6 ), the com­
pletion of (4), takes place. Then reaction (7) goes to comple­
tion. last, the line remains in solution as such.
Whenever there is any magnesia in the lime there are other 
reactions which must be considered. They are:
(2a) Ca(KC03)2 + Ug(0H )2 « CaC03 + MgC03 ♦ 2H20.
(2a) Mg(KC03)2 + Mg(0H )2 - 2MgC03 + 2H20.
(4a) 2HaHC03 + Mg(0H )2 - MgC03 + lTa2C03 + 2H20.
Thus the order is (1), (2 ) and (2a), (3) and (3a), (4) and (4a), 
(6 ), (6 ), (7), and (8 ) for limes containing large quantities of 
magnesium. In this case reaction (5) will be the longest in 
duration. Complete softening, however, will be dependent on the 
Ga content of the lime,for the magnesium has no value for com­
plete softening.
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In softening waters containing large quantities of llaHCOg, 
it is not necessary to soften till the phenolphthalein alkalinity 
is half the methyl orange alkalinity. It is only necessary to 
add a definite quantity* above that required to react with the
'IS/
*Approximately 160 p.p.m. as CaC03. 
—
free carbon dioxide, the calcium, and the magnesium.
TABLE V. ACTIOiT 0? A CALCIUM LIME Oil A WATER TO WHICH
Lim< added Phenolpthalein alkalinity as 
CaC03
Methyl
alkali
Ca
lo. CaO as of filtrate of
o • of C&COg filtrate corrected filtrateoc P. P. M.
/
P. P. M. for vol. P. P. M. P. P. M.
0 0 0 0 0 382
1 10 50 0 0 358
2 20 100 0 0 3163 30 150 0 0 2824 40 200 8- 8.4 2725 50 250 16 17.0 242
6 60 300 40 42.8 2367 70 350 58 62.7 220
8 80 400 68 74.1 2169 90 450 74 81.5 196
10 100 500 68 75.5 174
1 1 110 550 68 76.3 158
12 120 600 70 79.2 13813 130 650 84 95.8 13214 140 700 88 101.3 13215 150 750 120 139.4 16616 160 800 156 182.8 20417 170 850 182 215.0 22218 180 900 210 250.2 264 /
filtrate 
corrected 
for vol. 
P. P. M.
382
365.2
325.5
293.3
285.6255.0252.5
237.6235.4
215.6193.1
177.0 
155.9
150.5 
151.8
192.6
238.7
262.0 314.0
Calcium Content
CaO in 
fil­trate 
P. P. M.
67.8
46.0
30.6 
15.210.4
11.0 
8.2 
8.8 
8.0 
6.0 5.4
4.8 
3.6
5.8
22.4
43.6
64.891.4
as CaC03 
corrected 
for vol. 
P. P. M.
123.6
84.6 
56.8
28.6
19.6 21.1 
16.0 
17.1
15.7
12.010.7 
9.6 
7.3
12.0
46.391.4
136.6 
194.3
Magnesium Content
% 2Pg07 in filtrate
P. P. M.
116.6116.8
112.0110.2107.2
96.6
97.089.4 
62.8
41.4
24.012.8
6.4
5.8 
6.2 5.2 
6.03.8
as CaC03 
corrected for vol. 
P. P. M.
106.6
107.9
104.5
103.8
102.092.894.1
87.5
62.0
41.324.0
13.0 6.5 
6.06.4
5.5 
6.3 4.1
wca
TABLE VI. ACT 103 OF A MAGNESIUM- CALCIUM LIME Oil A
WATER TO WHICH 100 MILLIGRAMS QE EaHC03 PER LITER HAVE BEEN ADDED.
Lime added Phanolpthalein 
alkalinity as 
CaC03
Methyl-orange alkalinity as 
CaC03
Calcium Content Magnesium Content
No Cao MgO of of fil- of filtrate CaO in as CaC03 MgsP207 as CaC03No, of as as filtrate trate cor- filtrate corrected filtrate corrected in fil­ correctedec CfiCOg CaCC>3 rected for for vol. for vol. trate for vol.P.P.M. P.P.M./ P.P.M. vol• P.P.M. P.P.M. P. P. M. P. P. M. P. P. M. P.P.M. P. P. M.
0 0 0 0 0 0 382 382. 0 0 0 01 10 50 35 0 0 346 352.9 37.4 68.0 169.0 154.72 20 100 70 44 45.3 334 344.0 13.4 24.6 206.8 191.13 30 150 105 86 99.4 344 357.8 9.6 17.8 232.0 216.54 40 200 140 120 126.0 362 380.1 7.0 13.2 261.2 249.05 50 250 175 144 152.6 332 351.9 6.8 12.9 229.0 217.96 60 300 210 150 160.5 314 336.0 5.8 11.1 206.0 197.87 70 350 245 144 155.5 304 328.3 5.4 10.4 203.8 197.58 80 400 280 124 135.2 272 296.5 5.6 10.9 155.6 152.29 90 450 315 100 110.0 226 248.6 6.4 12.5 114.4 113.010 100 500 350 100 111.0 216 239.8 2.8 5.5 67.0 66.711 110 550 385 98 109.8 184 206.1 3.1 6.4 52.8 53.112 120 600 420 86 97.2 144 162.7 4.4 8.9 18.4 18.613 130 650 455 90 102.6 140 159.6 4.0 8.2 12.2 12.514 140 700 490 90 103.5 134 154.1 3.6 7.3 10.4 10.815 150 750 525 108 125.3 140 162.4 7.2 15.0 5.8 6.016 160 800 560 142 166.1 174 204.0 22.2 46.4 3.4 3.617 170 850 595 170 200.6 204 240.7 41.6 87.7 3.8 4.018 180 900 630 222 264.2 278 330.8 95.2 202.3 4.0 4.3
to
5!ABIE VII. ACT I Oil OP LIME Oil A WATER TO WHICH 100 MILLIGRAMS 
OP iIaHC03 HAVE BEEIi ADDED.
High calcium lime
Ho.
Lime add­
ed as CaC03 
P. P. M.
Calcium as 
CaC03 in treated wa­
ter. P.P.M.
Magnesium 
in treated water as 
CaC03.P. P. M.
Calcium
plusMagnes'm 
. P. P. M.
Calcium as 
CaC03 in treated wa­
ter. P.P.M.
Magnesium as 
CaC03 in treated water 
P. P. M.
Calcium
plusMagnesium 
P. P. M.
1 50 123.6 106.6 230.2 68.0 154.7 222.72 100 84*6 107.9 192.5 24.6 191.1 215.7
3 150 56.8 104.5 161.3 17.8 216.5 234.34 200 28*6 103.8 132.4 13.2 249.0 262.25 250 19.6 102.0 121.6 12.9 217.9 230.86 300 21.1 92.8 113.9 11.1 197.8 208.97 350 16.0 94.1 110.1 10.4 197.5 207.98 400 17.1 87.5 104.6 10.9 152.2 163.19 450 15.7 62.0 77.7 12.5 113.0 125.510 500 12.0 41.3 53.3 5.5 66.7 72.211 550 10.7 24.0 34.7 6.4 53.1 59.512 600 9.6 13.0 22.6 8.9 18.6 27.513 650 7.3 6.5 12.8 8.2 12.5 20.714 700 12.0 6.0 18.0 7.3 10.8 18.115 750 46.3 6.4 52.7 15.0 6.0 21.016 800 91.4 5.5 96.9 46.4 3.6 50.017 850 136.6 6.3 142.9 87.7 4.0 91.718 900 194.3 4.1 198.4 202.3 4.3 206.6
Magnesium calcium lime
w
TABLE VIII. ACTI01J OF A CALCIUM LILLE Oil A WATER
TO WHICH 80 P.P.M. (AS CaCOfl) HC1 HAS BEEN ADDED.
Lime added Phenolpthalein 
alkalinity as 
CaC03
-------:----- :_o 'Methyl orange 
alkalinity as 
CaC03
Calcium Content Magnesium Content
Ho.
Ho. CaO as of of fil- of of filtrate CaO in as CaC03 Mg 21*207 as CaC03of
oc CaC03P.P.M. filtrate P. P. M. trate cor­rected for vol. P.P.M.
fil­
trate
corrected 
for vol. 
P. P. M.
filtrate 
P. P. M.
corrected 
for vol. P. P. M.
in
filtrate
corrected 
for volume P. P. M.
1 10 50 0 0 296 302.7 101.0 184.5 133.2 122.52 20 100 0 0 322 332.5 112.4 207.1 129.2 120.23 30 150 0 0 280 291.9 92.0 171.3 123.6 116.04 40 200 0 0 244 256.8 72.0 135.3 120.8 5.14.4
5 50 250 0 0 220 233.7 58.8 109.6 119.6 114.36 60 300 0 0 182 195.2 35.6 68.27 70 350 8 8.7 146 158.0 20.8 40.2 112*4 109.38 80 400 24 26.2 130 142.0 13.2 25.8 107.6 105.89 90 450 38 41.9 124 136.7 16.0 31.6 94.8 94.010 100 500 40 44.5 118 131.3 19.6 38.911 110 550 40 44.9 70 78.6 18.0 36.0 52.0 52.612 120 600 38 43.0 64 73.1 23.2
13.6
23.7IS 130 650 56 64.0 82 93.7 32.2 67.8 13.914 140 700 90 103.7 110 126.8 52.0 107.1 12.8
11.68.4
19.617.2
13.315 150 750 134 155.7 166 193.0 76.8 159.4 A 1/  12.016 160 800 158 185.3 186 218.1 86.4 180.9 9.017 170 850 172 203.4 198 234.1 97.2 205.3 20.818 180 900 228 271.9 254 300.2 134.4 286.2 18.5
*
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